The 3d-transition metal impurities ͑Mn, Co, and Cu͒ incorporated into III-V zinc blende hosts ͑GaAs, GaP, or InP͒ exhibit well resolved excitation lines followed by a photoionization continuum in their infrared absorption spectra. They are associated with transitions from a ''1s-like'' ground state to various ''p-like'' excited states characteristic of a hole bound to a Coulomb center. Their spacings agree remarkably well with those predicted in the effective mass theory for single acceptors ͓A. Baldereschi and N. O. Lipari, Phys. Rev. B 9, 1525 ͑1974͔͒ as expected for 3d-transition metal ions substitutionally replacing the group III cations of the host. The shape of the photoionization spectra, the occurrence of the simultaneous excitation of the Lyman transitions in combination with the zone center longitudinal optical phonon and hence lying in the photoionization continuum and displaying Fano-like asymmetries, the additional continuum excitations to and beyond the p 1/2 valence band maximum, are the features described and interpreted. Cu acceptors in GaAs show Lyman doublets, indicative of two independent centers; it is speculated that they could arise from He-like 3d 10 4s 2 4p 1 , Cu 2Ϫ , and H-like 3d 9 4s 2 4p 1 , Cu Ϫ , Coulomb centers.
I. INTRODUCTION
It is well known that the incorporation of a 3d transition metal ion ͑TMI͒ in a II-VI semiconductor by the substitutional replacement of the group II cation results in a remarkable class of II-VI ternary alloys known as a diluted magnetic semiconductor ͑DMS͒.
1 The electronic structure of a free 3d TMI is ͓Ar͔3d n 4s 2 (nϭ1,2, . . . ,9); when it replaces a group II ion, the sp 3 tetrahedral bonding scheme takes up the two 4s electrons from the cation and the six ns 2 np 4 (nϭ2, 3, 4, or 5͒ from the anion. Thus in a manner similar to that of a group II ion, the substitution of a 3d TMI produces an ''isoelectronic'' impurity. The remarkable magnetic behavior in the II-VI DMS's is traced to the ground state of the incomplete 3d shell of the TMI subject to crystal field and spin-orbit splittings. The ͑typically͒ large magnetic moment of the TMI in the host, the ferromagnetic or antiferromagnetic d-d interactions between them, the spin-spin sp-d exchange interaction between the 3d electrons and the band electrons (s-like conduction band and p-like valence band͒-these are the microscopic ingredients which generate the spectacular magnetic and magneto-optic phenomena for which the II-VI DMS's are well known.
In the context of the above discussion, it is of great scientific interest to enquire whether corresponding effects could occur in the III-V's when 3d TMI's are incorporated in them. Indeed, this point of view was formulated and implemented by Munekata et al. 2 more than a decade ago in the growth of In 1Ϫx Mn x As (0рxр0.18) exploiting molecular beam epitaxy ͑MBE͒. The coexistence of the magnetic moment of the substitutional 3d ion and the presence of holes in the valence band led to the realization that the spin of the charge carrier can be influenced ͑polarized͒ in novel device configurations. [3] [4] [5] [6] This new class of semiconductors have been referred to as ''spintronic'' materials. A striking feature of the III-V spintronic materials is the manner in which free carriers can influence the d-d interaction between the 3d TMI's. 6 Consider, for example, the introduction of Mn ions in GaAs replacing Ga. The cationic substitution can occur with Mn in one of two electronic configurations ͑i͒ Mn 3ϩ in which the requisite three electrons for tetrahedral bonding originate within the new cation ͑two 4s 2 and a d electron͒ or ͑ii͒ Mn 2ϩ , with the two 4s 2 electrons provided by the impurity and the third ''borrowed'' from the valence band of the host. In ͑i͒, the TMI is a neutral isoelectronic impurity whereas in ͑ii͒, it is an acceptor impurity binding a single hole. The III-V's as diluted magnetic semiconductors can thus occur in two ways, each with a magnetic behavior distinct from that of the other. In case ͑ii͒, the 3d shell of the TMI impurity is left intact as it is in the II-VI DMS; however, being an acceptor in the III-V DMS, the acceptorbound hole will display electronic levels not unlike those of a shallow group II impurity, Zn replacing Ga in GaAs, for example. A comparison of the Lyman spectra of the shallow acceptors in GaAs, e.g., Zn replacing Ga or C replacing As, on the one hand, and those of the 3d TMI's on the other, is of special interest in the context of the acceptor states in compound semiconductors. Chapman and Hutchinson 7 more than thirty years ago, and Linnarsson et al. 8 more recently, reported that Mn doped GaAs displays an absorption spectrum characteristic of a substitutional acceptor, with a considerable chemical shift of its ground state with respect to its effective mass position 9 but with p-like states remaining essentially effective masslike. In addition, Janzén et al. 10 have observed the Lyman spectrum of GaAs(Cu 2ϩ ). In the present paper, we report and discuss the observation of the Lyman spectra of Co 2ϩ and Cu 2ϩ acceptors in GaAs and compare them with that of Mn 2ϩ acceptors in the same host already observed before 7, 8 and confirmed by us in the present study. In addition, we present and discuss such spec-tra for InP(Mn 2ϩ ) and GaP(Mn 2ϩ ) as examples of 3d-TMI acceptors but in a different III-V host.
II. EXPERIMENTAL
The 3d TMI's were introduced into nominally pure GaAs employing thermal diffusion at elevated temperatures. The relevant 3d TMI of at least 4N purity, uniformly deposited on the surface of the III-V specimen by evaporation in a vacuum chamber, was encapsulated in an evacuated quartz ampoule. Thermal diffusion into GaAs ͑InP͒ wafers was achieved in the presence of crushed GaAs ͑InP͒; in addition, a small quantity of the group V element was included to suppress sublimation. A similar procedure was adopted for GaP.
The specimens were prepared for infrared absorption measurements by suitably polishing two approximately plane parallel surfaces, with a small wedge introduced to avoid channelling in the spectrum. The transmission spectra were recorded with a BOMEM DA.3 Fourier Transform Spectrometer, equipped with liquid nitrogen cooled HgCdTe and InSb detectors. 11 The samples were cooled to cryogenic temperatures in a variable temperature Janis 10DT Supervaritemp optical cryostat.
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III. EXPERIMENTAL RESULTS AND DISCUSSION
A. GaAs:Mn and GaAs:Co
The absorption spectra of GaAs doped either with Mn or Co and recorded at temperature, Tϭ5 K are displayed in Figs. 1-3 ; the absorption spectrum of undoped GaAs is also included for comparison. As is evident, specimens doped with Mn and Co exhibit excitation lines in the range 100-220 meV with their positions listed in Table I .
In Fig. 1 , the sharp excitation lines of the Mn acceptors in the range 100-114 meV are followed by a photoionization continuum with its onset ϳ112 meV, representing transitions from the ground state of the Mn acceptor to the p 3/2 valence band of GaAs; the lines, superposed on the continuum, are interpreted as the Lyman excitations in combination with one, two, and three quanta of the zone center longitudinal optical phonon ͑LO͒ of the GaAs host. 13 The two insets display the 1 LO and 2 LO replicas of the Lyman lines on an expanded scale. In addition, two examples of TO replicas are seen in the inset ͑a͒. The line shapes of the replicas characterized by asymmetries are discussed in Sec. IV. The cross section of the photoionization continuum increases with photon energy initially, reaching a maximum and displaying a monotonic decrease beyond. For photon energies larger than the feature ϳ452 meV identified as ''E I (Mn)ϩ᭝ SO ,'' an additional contribution sets in as a consequence of excitations from the ground state of the Mn acceptor to the continuum of the spin-orbit split p 1/2 valence band. Here E I (Mn) is the ionization energy of the Mn acceptor and ᭝ SO , the spin-orbit splitting of the valence band. With this interpretation, along with ᭝ SO ϭ341Ϯ2 meV at 4.2 K, 14 we deduce E I (Mn)ϭ111Ϯ2 meV. In the spectrum of GaAs͑Co͒, the photoionization continuum does display a general increase in the absorption coefficient for ប уE I (Co)ϩ᭝ SO ͓E I (Co)ϵ ionization energy of Co acceptors͔ but the corresponding feature for Co near the onset is less distinctive in Fig. 2 value by an amount characteristic for a given impurity. The Lyman spectra for different 3d TMI's thus are expected to be identical as far as the spacings of the corresponding lines and their relative intensities are concerned, but shifted in energy with respect to one another due to this chemical shift of the s-like ground state.
In Fig. 3 , the Lyman spectra of Mn and Co acceptors in GaAs are displayed ͑on the same scale͒ with their most prominent line at 2p 5/2 (⌫ 8 ) brought into coincidence. The identity of the spacings of the spectra for the two acceptor impurities is immediately evident. The spacings, in turn, are close to those predicted in the calculations of Baldereschi and Lipari 9 for single acceptors in GaAs and provide the justification for labeling the excitation lines on the basis of the final state of the transition. With this interpretation, one can add the calculated binding energy of the final state of a given transition to its experimental transition energy and thus deduce E I . Choosing the least tightly bound final state for which Baldereschi Tables I and II, 
B. GaP:Mn and InP:Mn
The valence bands of the III-V's are qualitatively similar but differ in terms of their Luttinger parameters ␥ 1 , ␥ 2 , and ␥ 3 , the magnitude of the spin-orbit splitting ⌬, and the dielectric constants (⑀ 0 and ⑀ ϱ ). 19 In order to delineate fully the role of the substitutional 3d TMI's as acceptors in the III-V's, it is of interest to investigate their Lyman spectra in other hosts besides GaAs. Figures 4 and 5 show the Lyman spectra of Mn in GaP and InP, introduced by thermal diffusion.
Adopting the procedure followed for GaAs:Mn and GaAs:Co, the most prominent line in the Lyman spectrum of GaP:Mn is assigned to 2p 5/2 (⌫ 8 .92 meV. The differences are outside the experimental error bars, larger in GaP than in InP; it is premature to conclude whether they are due to the choice of the parameters used in the calculations or the quality of the host material. However, the assignments for the final states and the ionization energies appear to be acceptable.
C. Photoionization continuum
As discussed in the earlier sections, Figs. 1, 2, 4 , and 5 display an unmistakable onset of an absorption continuum at បϭE I , corresponding to the photoionization of the holes bound to the 3d TMI's. The physical processes underlying the photoionization spectrum involve the oscillator strength for the transitions from the 1s initial state to final states in the heavy hole and light hole p 3/2 valence bands and their density of states. In our discussion of the experimental results on the ''bound-to-continuum,'' we follow Edwards and Fowler. 22 Their approach involves a scaled hydrogenic ground state, suitably modified to take account of central cell 
where N is neutral acceptor concentration, (E e /E 0 ) is the ratio of the electric field at the defect site to the average field in the medium, 23 ប, is the photon energy, and ␣ is the fine-structure constant e 2 /បc. Z 2 Ј is the ratio of the absolute value of the impurity charge Z 2 ͑ϩ1 for single acceptors͒ to the Bohr radius a 2 associated with the hydrogenic Hamiltonian from which the continuum states are obtained:
where m 2 * is the absolute value of the effective mass associated with the continuum states. ⑀ ϱ is the optical dielectric constant and x, a dimensionless energy parameter proportional to the energy E measured from the threshold of the continuum absorption, is given by
The quantity in Eq. ͑1͒ is the ratio of the ''inner'' to the ''outer'' effective charge
͑4͒
where Z 1 ЈϭZ 1 m 1 *e 2 /ប 2 ⑀ ϱ is defined with respect to the hydrogenic Hamiltonian leading to the ground state.
The fits to the experimental results are displayed in Figs. 6͑a͒-6͑d͒ based on the parameters shown in Table IV and the ionization energies deduced from the Lyman spectra in Tables II and III . The effective mass parameter m 2 * , associated with the valence band continuum, must be the same for different acceptors in the same host. As can be seen, m 2 * is indeed the same for Mn 2ϩ and Co 2ϩ acceptors in GaAs, being 0.152m e . This value differs from 0.53m e , the ''density-of-state average'' of the heavy and light hole band effective masses. This feature was noted by Edwards and Fowler in their analysis of group III acceptors in Si host, presumably indicative of the dominance of the light hole band and the p 1/2 band. In GaAs, the p 1/2 band maximum being separated from that of the p 3/2 band by 341 meV, one indeed can ignore its contribution in the range បϽE I ϩ⌬ SO . The effective charge ratio is 3.95 for Mn 2ϩ whereas for Co 2ϩ , it is 5.2; the significantly larger chemical shift for Co 2ϩ appears to be the underlying cause for its larger value of . We note that the maximum in the photoionization spectrum occurs 68 meV higher than the ionization energy for Mn 2ϩ acceptors ͑in GaAs͒ whereas for Co 2ϩ acceptors, it is ϳ175 meV higher. This larger separation can be ascribed to the smaller overlap of the continuum wave The effective charge ratio obtained from curve fitting is 14 for GaP:Mn and 9.3 for InP:Mn. The larger values of for deeper impurities are also expected as a consequence of the tightly bound, more localized ground states.
IV. ''FANO'' INTERACTION AND LINE SHAPES OF LO-PHONON ASSISTED LYMAN TRANSITIONS
As originally recognized and formulated by Breit and Wigner 24 and by Fano, 25 in the context of nuclear transitions and atomic spectroscopy, respectively, the energy coincidence of a discrete excitation with those having a continuous range, leads to striking asymmetric line shapes characterized by resonance and antiresonance features. A large number of such situations in diverse physical systems, including semiconductors, have been reported in the literature. We cite Watkins and Fowler 26 and Piao et al. 27 as illustrative examples particularly relevant in the discussion on the simultaneous excitation of a Lyman transition in combination with n quanta of zone center optical phonons (nϭ1,2,3, . . . ). The specific case in the present investigation is the 1 LO, 2 LO, and 3 LO replicas of the Lyman excitations of Mn acceptors in GaAs, displayed in Fig. 1 . The polar character of GaAs clearly favors the special role of the zone center longitudinal optic phonon ͑LO͒ and its overtones, the microscopic mechanism for the coupling being the Fröhlich interaction. 28 In the photoionization spectrum shown in inset ͑a͒, the features at 137.5 and 123.8 meV are associated with the 2p 3/2 (⌫ 8 ) and the ''forbidden'' 2s 3/2 (⌫ 8 ) Lyman transitions, respectively, involving one LO phonon ͑solid arrows͒. The accompanying set of transitions 2.7 meV lower in energy are due to one TO The analysis of the ''LOϩLyman'' transitions in terms of their characteristic features-asymmetry, resonance peak and antiresonance dip, spectral width, and shifts with respect to their unperturbed positions-is carried out on the basis of Fano's formulation. We denote the acceptor ground state by the symbol ͉0͘ and the excited state associated with a particular absorption line by ͉ f n͘ where f designates the electronic state of the excitation and nϭ1,2, . . . , the number of optical phonons associated with the line in question. In contrast to ͉0͘→͉ f 0͘, the zero-phonon excitation in the Lyman spectrum, the phonon-assisted transitions ͉0͘→͉ f n͘ (n ϭ1,2, . . . ), are resonant with the valence band. We describe the valence band states by ͉k͘ where this symbol includes not only the continuous wave vector k, but also a band index ͑light and heavy hole bands͒ which we need not specify explicitly. The states having energies close to E f n ϭE f ϩnប form a manifold which can be described by an interaction Hamiltonian V whose matrix elements are
͑6͒
and ͗k͉V͉ f n͘ϭV k .
͑7͒
The coupling between ͉ f n͘ and the continuum can be described by a wave function of the form
which we assume to be properly normalized according to
␦-function normalization. From the Schrödinger equation
H⌿ϭE⌿, we obtain
Since the set ͕͉k͖͘ forms a continuum, the singularity in b k as ͓EϪE(k)͔ passes through zero, can be avoided by taking the integral over k ͑here denoted with a summation symbol for convenience͒ as a principal part involving the denominator plus a ␦ function. Following Fano, we write
The dimensionless quantity z(k) is obtained substituting b k in Eq. ͑9͒ and cancelling a,
where
The symbol P in Eqs. ͑11͒ and ͑13͒ indicates that, when integrating over k, one must take the principal part of the integral. The probability per unit time for an optical transition to ⌿ to occur is proportional to ͉͗⌿͉HЈ͉0͉͘ 2 where HЈ is the interaction of the electronic system with the electromagnetic field of the incident radiation. The quantity and Appendix A͔. We write
with ⌫ϭ2͉V k ͉ 2 , the spectral width of ͉ f n͘ modified by mixture with the continuum states. The matrix element
.
͑18͒
Since the phase factors in the definition of q cancel out, this quantity is real. Thus,
Lawaetz, 30 following a concise derivation of the above concepts, points out the existence of channels other than those leading to the Fano interaction and a part of the continuum not contributing to it. Thus Eq. ͑19͒ should be rewritten in terms of the total absorption I from which I b , the background absorption due to the channels not contributing to Fano interaction, has been subtracted, and normalized to I 0 ϪI b ; here I 0 is the intensity of the total absorbed light if there were no resonant interaction. Hence,
͑20͒
In Fig. 7͑a͒ , we display the 1LO phonon replicas of the Lyman spectrum of GaAs:Mn, where I, I b , and I 0 are identified. In Fig. 7͑b͒, Tables V and  VI for the 1 LO and 2 LO replicas, respectively.
V. CONCLUDING REMARKS
The present study has focused on the Lyman spectra of several 3d-transition metals ͑Mn, Co, Cu͒, substitutionally incorporated in the III-V semiconductors ͑GaAs, GaP, and InP͒ by replacing the cations. The acceptor concentration resulting from the diffusion techniques employed viz., 10 15 to 10 17 cm Ϫ3 , corresponds to a dilution at which wavefunctions of the acceptor-bound holes do not overlap as testified by the sharpness of the Lyman transitions observed at the cryogenic temperatures. In particular, Mn 2ϩ and Co 2ϩ acceptors in GaAs yielded sharp and intense transitions terminating at excited states preceding the photoionization threshold. The onset of the photoionization is in excellent agreement with the sum of the transition energy and the F , are seen as peaks and dips. I represents the total intensity while I b is the background due to channels not contributing to Fano interaction and I 0 is the total absorption in the absence Fano resonance ͑see text͒. ͑b͒ Solid curve shows the data processed according to Eq. ͑20͒ and dashed curve shows the calculated fit using the parameters in Table V. binding energy of its final state calculated in the effective mass theory. 9 While the spectra for Mn 2ϩ acceptors in GaP and InP display well resolved Lyman transitions followed by photoionization, their sharpness appear to be degraded presumably because of the high diffusion temperatures. In this context, photothermal ionization spectroscopy 31 allows more excitation lines to be observed, on the one hand, and explore lower acceptor concentrations, on the other, as indeed demonstrated in Linnarsson et al. 8 Among the 3d TMI's, Cr and Cu are exceptions in that, the atomic configurations, instead of being ͑i͒ 3d 4 4s 2 and 3d 9 4s 2 , are ͑ii͒ 3d 5 4s 1 and 3d 10 4s 1 , respectively. The behavior of these TMI's as acceptors will thus differ from that of the others if the 3d shell does not change during incorporation by the substitution of the cation; they will then acquire one electron from the valence band in order to complete the covalent bonds in case ͑i͒, whereas in ͑ii͒ two are needed to accomplish it. We thus have a H-like single acceptor in ͑i͒ as opposed to a neutral He-like double acceptor in ͑ii͒. The binding energies of the final states for both cases will be close if the experience with B, Zn, and Cu in Ge is a guide.
In Fig. 8 , we display the Lyman spectrum of Cu acceptors introduced into GaAs by thermal diffusion. The general appearance of the spectrum bears a striking resemblance to those of Mn 2ϩ and Co 2ϩ in Figs. 1-3 . The binding energies for the final states listed in Table II emphasize quantitatively this correspondence. The striking feature, however, is a second series separated by ϳ0.84 meV. Measurements as a function of temperature in the range 1.8 -10 K showed no increase with 1/T in the ratio of intensity of the higher to that of the lower energy component of a doublet. This appears to indicate the existence of two independent Cu centers. It is tempting to suggest that they correspond to the coexistence of He-like 3d 10 4s 2 
